Abstract Sugar palm fiber (SPF) is one of the prospective fibers used to reinforce polymer composites. The aim of this study is to evaluate the physicochemical, thermal, and morphological properties of SPF after alkali and sea water treatments. The chemical constituents group and thermal stability of the SPF were determined using scanning electronic microscopy (SEM) along with energy dispersive X-ray spectroscopy and thermogravimetric analysis (TGA). Fourier transform infrared spectroscopy was carried out to detect the presence of functional groups in untreated and treated SPF. The SEM images after both treatments showed that the external surface of the fiber became clean as a result. However, the sea water treatment affected the fiber properties physically, while the alkali treatment affected it both physically and chemically by dissolving the hemicellulose in the fiber. The TGA results showed that untreated fiber is significantly more stable than treated fiber. In conclusion, the results show that the fiber surface treatment significantly affected the characterization of the fiber.
Introduction
Global warming, environmental concerns, ecofriendly material needs, and the new requirements of technology have encouraged researchers to look for new biocomposites (Reddy and Yang 2015; Sanyang et al. 2016) . Natural fiber-reinforced polymer composites have some preferred properties compared to synthetic ones, such as their abundance, low cost, as well as being safe, light, biodegradable, and having other acceptable properties (Paluvai et al. 2015; Rajkumar et al. 2016) . However, several problems have arisen when using natural fibers as a reinforcement in polymer composites, especially when it comes to the compatibility of the fiber with the matrix (Thakur et al. 2015) . Fiber-matrix adhesion is one of the main issues that affect the behavior of these biocomposites. Therefore, much work has been done to overcome this problem (Bachtiar et al. 2009; Ishak et al. 2009; Khan et al. 2015; Pickering et al. 2015) .
Alkali treatment is an effective technique that can be used to improve fiber-matrix bonding. As a result, the behavior of the composite could also be improved (Bachtiar et al. 2009; Ishak et al. 2013c; Thakur et al. 2015) . The hydrophilic property of the natural fibers reduces the bonding strength between fibers and the matrices and also diminishes its mechanical properties (Rajkumar et al. 2016; Saba et al. 2015) . The alkaline solution reacts with the hydroxyl groups of the fiber and increases its hydrophilic properties, resulting in a positive fiber-matrix bonding (Ishak et al. 2013c ). Moreover, alkaline treatment leads to fiber fibrillations, i.e., splitting of the fiber bundles into fibers (AlMaadeed et al. 2013) . Consequently, the effective surface area of the fibers that are in contact with the matrix is increased. In addition, sea water, which is a cheap and abundant, was used to treat the fiber. This helps remove the outer layer of hemicellulose and pectin. Although this layer protects the fiber from the weather and heat degradation, it is still weakly bonded with the second layer, which consists of lignin and crystal celluloses (Ishak et al. 2009 ). The removal of these components is similar to the alkaline treatment method and will also lead to fibrillations. Various works have reported on surface modification and their effects on composite behavior (Acharya et al. 2011; Goriparthi et al. 2012) .
Recently many works have been done to replace synthetic fibers by natural fibers to reinforce biocomposites (Reddy and Yang 2015) . Fibers such as kenaf, flax, hemp, jute, and roselle have proved to give good properties in reinforced polymer composites (Mohammed et al. 2015) . All natural fibers were mainly composed of lignocellulose fibrils that embedded in lignin matrix (Sathishkumar et al. 2013) . The strength and stiffness of plant fiber were dependent on the fiber content. The significance of sugar palm fibers (SPFs) compared to other natural fibers is mainly twofold: the high durability and good resistance to sea water (Ishak et al. 2013c ). In addition, SPF warped along the tree trunk from top to bottom, so it did not need any additional process to yield the fibers such as mechanical preparation or water retting. It is available at low cost. In addition, it has a high percentage content of silica, which promotes its utilization in thermal and tribology composites (Ibrahim et al. 2012) .
Sugar palm fiber is a potentially attractive resource that should be explored for its capability to reinforce composites with other polymers (Ishak et al. 2013c; Sanyang et al. 2016) . The sugar palm tree is a member of the Palmae family and is commonly grown in Southeast Asian countries, such as Malaysia and Indonesia (Sanyang et al. 2016) . SPF has high durability and resistance to sea water. Traditionally, it is used for different applications such as being made into ropes, brooms, and roofs (Leman et al. 2008) . The use of SPF to reinforce polymer composites has been examined, and its mechanical properties have also been studied (Rashid et al. 2016; Ishak et al. 2013a; Sahari et al. 2012) . In Malaysia, various products from sugar palm trees such as the frond, bunch, trunk, and black fibers are usually burned because their commercial potential has not been explored. To efficiently use this plant, the products can be used as reinforcement materials for polymer composites, especially the starch and the fibers of the tree. The main objective of this research is to understand the effect of alkaline and sea water treatment on the physicochemical and thermal properties of the sugar palm fiber (SPF). The surface-modified SPFs were subjected to physical, chemical, and thermal stability analyses using Fourier transform infrared (FTIR) and energy dispersive X-ray spectroscopy (EDX) as well as thermogravimetric analysis (TGA), respectively, whereas scanning electronic microscopy (SEM) was used to examine the cross-section and surface modification of the fiber after treatments.
Experimental procedure

Materials
The sugar palm fibers (SPFs) used for this study were obtained from local resources in Kampung Kuala Jempol, Negeri Sembilan, Malaysia. The scientific name of these SPFs is Arenga Pinnata. Locally, they are known as Ijuk. The fibers are black in color, tough, and durable and have good resistance to sea water (Leman et al. 2008) . In this study, the raw fibers were cleaned and then washed completely with running water to remove impurities and dead fibers. Thereafter, they are dried at room temperature for 3 days.
Methodology
Sugar palm fiber treatment
Sea water treatment
Sea water was collected at Port Dickson, Negeri Sembilan, in Peninsular Malaysia. The sea water was taken 200 m from the shore (Rashid et al. 2016; Ishak et al. 2009 ). The measured pH of sea water is 8.32, and the salinity is 3.05 %. The fibers were immersed in sea water for 30 days (Leman et al. 2008) . Thereafter, the fibers were washed with tap water and then left to dry at room temperature ranging from 27.5 to 32.4°C and 71 % RH.
Alkaline treatment
The SPFs were soaked in 0.5 % solution of sodium hydroxide for 4 h (Bachtiar et al. 2010) . The alkaline concentration is adjusted by adding water at a certain percentage of the original NaOH. After the chemical treatment of SPFs, the fibers were thoroughly rinsed with distilled water and then oven-dried at 80°C for 24 h to completely eliminate any moisture effect from the fibers (Ishak et al. 2013b) . Example bundles of SPFs, alkaline, and sea water treatments for SPFs and the grinded fibers are illustrated in Fig. 1a-d , respectively.
Thermal gravimetric analysis (TGA)
It is important to evaluate the thermal degradation of natural fiber before using it in a polymer composite. The thermal analysis provides a detailed thermal characterization that can be used to evaluate the thermal stability of fiber materials (Rajkumar et al. 2016 ). Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) analysis of untreated and treated fibers were conducted using a thermogravimetric analyzer from Mettler Toledo (TGA 851e/ LF). Approximately 15.8 mg of SPF was placed in the chamber. The test was carried out in a nitrogen atmosphere at a heating rate of 10°C per minute from room temperature up to 600°C.
Morphological analysis and chemical characterization (SEM/EDX)
Morphological studies were performed on the untreated and treated SPFs. A scanning electronic microscope (SEM) (Hitachi S-3400N model) was used to examine the cross-section and fiber surface of SPF at a voltage of 15 kV. The sample was coated with a thin layer of gold to provide electrical conductivity, which significantly affects the resolution of the images.
Energy dispersive X-ray spectroscopy (EDX) is an analytical technique employed for the chemical analysis of a sample. The chemical compositions of untreated and treated SPFs were detected using EDX, which is supported by the SEM images (Sutikno et al. 2010) . The analysis was carried out at an accelerating voltage of 20 kV.
Fourier transform infrared spectroscopy (FT-IR)
To examine the effects of treatment of SPF on its chemical composition, FT-IR spectroscopic analysis was performed. IR spectra of untreated SPF and sea water-and alkali-treated SPF were recorded using a Perkin-Elmer spectroscopy instrument (model spectrum 100). The spectra were collected in the range of 600-4000 cm -1 , operating in attenuated total reflectance (ATR) mode. Prior to the test, samples of untreated, sea water-, and alkali-treated SPFs were pulverized and then sieved to a size of B150 lm.
Results and discussion
Thermal analysis
The thermogravimetric analyses of untreated and treated SPFs are presented in Figs. 2, 3. Also, Table 1 summarizes the TGA results of the weight loss and temperature at 5 % degradation (loss of weight), which indicates the initial degradation of the fiber (Rudnik 2007; Yusriah et al. 2014) . Basically, there are three phases in the thermal decomposition of natural fibers (Ishak et al. 2013a; Pickering et al. 2015) . The first phase mainly corresponds to moisture content evaporation followed by the degradation of hemicellulose, cellulose, and lignin, which is the last one to degrade, leaving ash as a residue. The results reveal that alkaline treatment significantly affects the thermal degradation of SPFs, while the degradation trend of sea water-treated SPFs is nearly the same as that of the untreated fibers. Thermal analyses of SPFs took place at temperatures ranging from 25 to 800°C. In the case of SPFs, the first degradation phase involved the moisture content of the fiber, which occurred between 60 and 110°C (Bachtiar et al. 2012; Ishak et al. 2013a) . While the fibers became heated because of the temperature increase, the bound water and volatile extraction evaporated and tended to move toward the outer layer of the fiber surface (Razali et al. 2015) . In the case of the SPFs, the first weight loss occurred between 35 and 120°C with an endothermic peak 1 at 73.43°C, 74.07, and 71.43°C due to a 3.39, 3.66, and 1.71 % loss in the weight percentage for untreated, alkali-, and sea water-treated SPFs, respectively. Also, it can be seen that sea water-treated SPFs had the lowest percentage of mass degradation at 4.75 %. On the other hand, the untreated and alkali-treated fibers exhibited 6.77 and 7.81 % weight loss percentage, respectively. This finding confirms the fact that natural fibers are inherently hydrophilic (Przybylak et al. 2016) . However, the weight loss of alkali-treated SPFs was slightly more than that of the untreated fibers, which may be because of the fibers' high moisture content before the treatment.
The second phase in terms of thermal degradation is hemicellulose decomposition in the fiber. As the temperature increases, the cellulose starts to break down because of the thermochemical changes of the hemicellulose content in the fiber (Ishak et al. 2013a; Razali et al. 2015) . In the case of SPFs, the degradation of hemicellulose is indicated by weight loss and occurs between 180 and 310°C. The peak degradation of untreated and sea water-treated SPFs are 285.78 and 282.61°C, respectively, with weight losses of 16.66 and 14.60 %, respectively. These results are in line with other studies (Bachtiar et al. 2013; Ishak et al. 2013a ). However, the SPFs treated with the alkaline (Haque et al. 2016; Joseph et al. 2008; Paluvai et al. 2015) . Alkali treatment removed some hemicellulose, lignin, glue, and other extractives in fiber bundles, resulting in a high percentage of cellulose (Obasi et al. 2014) . Furthermore, alkali treatment for SPFs seemed to dissolve the hemicellulose content completely. The degradation of cellulose started just as the hemicellulose completely degrades. Cellulose has a higher content of crystalline chains that require a high amount of energy to degrade compared with amorphous hemicellulose (Ishak et al. 2013a) . It was observed that the temperature degradation of cellulose occurred over the range of 309-650°C, as shown in Fig. 2 . However, there was a slight shift in peaks at 348.16°C (untreated) to 344.52°C (sea water-treated) SPFs corresponding to 45.03 and 42.35 % weight loss, respectively. This finding is in good agreement with the results reported by Ishak et al. (2012) . On the other hand, the alkali-treated fiber showed a lower peak at 317.47°C with a weight loss of 34.43 %. In addition, the fiber in this case is found to degrade in a wider range of temperatures, over 174.9-645.5°C, which might have included the degradation of hemicellulose and lignin. This trend could possibly be due to the presence of Si on the outer layer of SPF. Furthermore, the existence of Si on the external surface of the fiber is clearly observed from the SEM, supported by EDX conducted in this study. The treatment helped remove and clean the fibers from the impurities in the outer layer. Therefore, the untreated fibers have a high percentage of Si on their outer layer compared to the treated fiber since Si has high thermal stability and is hard to react because of its stable chemical structure (Luo Huachao et al. 2015) . Thus, the presence of silica significantly improves the thermal stability and the initial degradation temperature of SPFs and wear resistance as well (Wei et al. 2015) .
Lignin, a complex component, starts to deteriorate before hemicellulose and cellulose (Paluvai et al. 2015) . It starts to degrade at a very low temperature with a very low weight loss rate (Ishak et al. 2013a ). Lignin degradation also occurs at a wide range of temperatures (160-900°C), and this has led to its peak disappearing in the DTG curve (Ishak et al. 2013a ). Ash residue is the last component left after cellulose degradation (Bachtiar et al. 2013) . Untreated SPFs have a lower percentage of ash compared to the alkaliand sea water-treated fibers, which are 24.12, 27.68, and 27.61 %, respectively. The thermal stability of natural fiber-reinforced polymer composites was obtained from the temperature at which 5 % weight degradation occurs (Rudnik 2007; Yusriah et al. 2014) . The temperatures at 5 % weight loss are presented in Table 1 . From this, it can be concluded that the thermal stability of the untreated and treated SPFs can be ranked as follows: sea watertreated fiber [ untreated fiber [ alkali-treated fiber. From the results, it can also be observed that the SPFs treated with sea water have higher thermal stability, followed by untreated and alkali-treated SPFs. The main reason for this might be attributed to the presence of Si in the outer surface since it has a high thermal stability (Wei et al. 2015) .
The maximum thermal degradation temperatures of SPFs compared to natural fibers are presented in Fig. 4 . It is clearly shown that both untreated and treated SPFs have a higher thermal degradation temperature than kenaf, jute, and flax fibers. This may be because of the Si content in the fibers (Ibrahim et al. 2012; Ishak et al. 2013c ). On the other hand, roselle and hemp fiber temperature degradations have higher values than SPFs, which may be attributed to the chemical components of the fiber, the percentage of cellulose in the fibers (Razali et al. 2015; Sanyang et al. 2016) , Conclusively, SPFs have good thermal stability compared to others.
Morphological surface and chemical analysis
The effects on the external surface and cross-section morphology of the treated and untreated SPFs were examined using scanning electronic microscopy. Figure 5a-c shows the SEM images of the external surface of untreated and treated SPF, while Fig. 5d-f shows the SEM images of the cross sections of the fiber before and after treatments with magnification 9200. Besides, Fig. 5g-i shows the cross sections with magnification 91.00 K. Figure 5a clearly shows that the outer surface of the SPF contains wax, impurities, and some nodes. Basically, the surface treatment of the lignocellulosic fiber could improve the surface wettability of the fiber by removing the wax and non-cellulose constituents from the outer layer (AlMaadeed et al. 2013; Ishak et al. 2013c; Pickering et al. 2015) .
Based on the SEM observation from Fig. 5b , c, it can easily be concluded that both the sea water and alkali surface treatments changed the physical surface appearance of the fiber compared to the untreated one. These figures show a drastic physical change as a result of fibrillations, which can obviously be seen on the outer surface (Ishak et al. 2013c ). The SPFs are covered with a rough layer, which contains wax and undesirable constitutes (Leman et al. 2008 ). However, this layer protects the external surface of the fiber from environmental circumstances but does not stick firmly onto the fiber. Sea water, which is biologically available, inexpensive, and abundant, was used to treat the fiber. This caused physical changes on the outer surface of the fiber and also led to fibrillation, which increases the available effective contact surface to the matrix in a biopolymer composite (Sanyang et al. 2016) . The SPF surface became clean after sea water treatment, as shown in Fig. 5b . Similar to sea water treatment, the alkaline solution caused a similar effect on the outer surface of the SPF, as shown in Fig. 5c . Furthermore, it also increased the fibrillations of the fiber, which promotes fiber-matrix adhesion (Razali et al. 2015) . Alkali treatment led to chemical changes along with physical improvements on the surface. It partially removed the hemicellulose and lignin component from the fiber, as supported by the TGA and FTIR analyses of this study. Even the surface of the fiber was smooth after both treatments, but seemed serrated. This treatment gives the cleanest surface and specific roughness for the fiber, which is the desired surface to lead to positive bonding between the fiber and the matrix. The cross sections of untreated and treated SPF are shown in Fig. 6d-f and 6g-i with magnifications of 9200 and 1.0 K, respectively. From comparing the SEM images, the fiber is observed to have an open lumen, which can be a mechanism that water could fill before it spreads into the cell wall (Ishak et al. 2013b) . During the treatments, the microfibers are enclosed with saline water and alkaline solution as shown in Fig. 5e , f. Furthermore, the opened microfiber of untreated SPF is also shown in Fig. 5g and appears to be closed after the sea water and alkaline treatment, as shown in Fig. 5h , i, respectively. The saline water was deposited into the fiber cell wall, as shown in Fig. 6e , h, enclosing the hydrophilic property of the fiber, which caused the fiber to become highly water resistant. This is in good agreement with the findings of the TGA analyses for this study. Similar behavior was also observed for the cross section of SPF treated with an alkaline solution, as shown in Fig. 5f , i, where it can clearly be observed that the microfibers were completely enclosed after alkali treatment, which also increased the water resistance of the fiber.
EDX is a useful technique for chemical analysis. This technique depends on the significant interaction of the sample and the source of X-ray excitation. Basically, each element has its own unique atomic construction, allowing a unique group of peaks to be displayed on its X-ray emission spectrum. In this study, an EDX analysis along with SEM was used to observe and investigate the surface topography with elemental analysis of the untreated and treated SPFs. The results are presented in Fig. 6 , indicating that SPF consists of the following main elements: carbon, oxygen, and silicon. Furthermore, the C and O elements appear to be the most dominant in the EDX spectra as they are the main components of the lignocellulose fiber structures. The results also showed a notable change in Si peaks. In other words, the untreated SPF (Fig. 6a) contained a higher amount of Si compared to the sea water-and alkali-treated SPF, as shown in Fig. 6b, c, respectively .
The SEM image clearly shows that the outer layer of the fiber, which contains wax and pectin, has been removed after treatment (Bachtiar et al. 2009; Ishak et al. 2009 ). Also, this layer contains nodes, and it is posited that these nodes are rich in Si. Although the SPF surface treatment plays a good role in enhancing the fiber-matrix adhesion by removing the rough outer surface, they significantly reduce the Si content in the fiber. Furthermore, Si has good thermal stability (Wei et al. 2015) and promotes thermal stability of the untreated fibers, as shown in the TGA analysis. Therefore, the reduction in Si percentage content would evenly affect the maximum degradation of the fibers. This is a good explanation of why the untreated fiber has a higher maximum degradation temperature than treated fibers, as discussed in the TGA analyses of this study. Table 2 presents weight percentages (wt%) of the elements of untreated and treated SPFs determined from the EDX analysis. The raw SPFs showed a presence of carbon, oxygen, and silicon with 87.93S, 5.86S, and 5.13S, respectively. Based on the result, the weight percentage of Si is reduced by 42.1 and 49.9 % after the sea water and alkali treatment, respectively. Both SPF treatments helped remove the outer layer of the fiber (Ishak et al. 2009 (Ishak et al. , 2013c , which was comprised of wax, pectin, and undesirable impurities. It is suggested that the Si element might be concentrated in this layer; thus, removing the layer would reduce the Si weight percentage, further explaining this phenomenon.
Fourier transform infrared spectroscopy (FT-IR)
The chemical analyses of the functional groups present in the untreated and treated SPF were analyzed using FTIR, as shown in Fig. 7 . The absorption bands of chemical group properties of natural fiber contained cellulose, hemicellulose, and lignin. These compounds are composed of aromatic, alkenes, and carbonyl functional groups (esters, alcohols, and ketones) (Boeriu et al. 2004; Razali et al. 2015) . Figure 7 clearly shows that the intensities of all peaks decreased after the treatments. The functional groups that were detected in FT-IR spectra also confirm the existence of chemical components in the fiber, as discussed in the TG and DTG analyses, such as cellulose, hemicellulose, lignin, etc. (Ishak et al. 2013a) . The broad band within the range of 3200-3600 cm -1 was attributed to the -OH group in the fibers (Sahari et al. 2012) . For untreated SPF, the peak at 3326 cm -1 was assigned to the stretching of the hydroxyl group because of hydrogen bonding between molecules. After SPF surface treatment, the peaks shifted to 3288 and to 3295 cm -1 for sea waterand alkali-treated SPF, respectively. This indicates a decrease in H-bonding in the fibers between the cellulosic hydroxyl groups via reduction of the carboxyl group. This is evidence of the presence of water molecules in SPF and is also supported by other studies (Liu and Fei 2013; Paluvai et al. 2015; Rajkumar et al. 2016) . The peaks within the range of 1000-1300 cm -1 were attributed to the C-O group in the fiber, which is mainly present in hemicellulose and cellulose (Boeriu et al. 2004; Sahari et al. 2012) . Therefore, the peaks at 1028 cm -1 (untreated), 1029 cm -1 (sea water treated), and 1029 cm -1 (alkali treated) are characteristic of the C-O group from the cellulose in the fiber (Ishak et al. 2013a) .
Based on the FT-IR observation, the medium-weak, multiple bands of peaks within the range of 1400-1600 cm -1 for untreated and treated SPF indicated the stretching of the aromatic group, which is typically found in lignin (Razali et al. 2015) . The peaks at 2920 cm -1 (untreated), 2916 cm -1 (sea water treated), and 2915 cm -1 (alkali treated) indicate the C-H stretching vibration from CH and CH2 (Razali et al. 2015) . It was also observed that the peaks slightly shifted because of sea water and alkali treatment of the fiber. However, the peak of alkali-treated SPF showed a lower absorption compared to the others.
The carboxylic groups in the lignin and hemicelluloses of the fiber were indicated by the peaks within the range of 1670-1820 cm -1 (Boeriu et al. 2004; Sahari et al. 2012) . As observed in the FTIR of SPF, the strong peak of 1722 cm -1 was assigned to the stretching of C=O in the carboxylic group of untreated SPF (Ishak et al. 2013a ). For sea water-treated SPF, the peak shifted to 1719 cm -1 , mainly representing the removal quantity of wax, hemicelluloses, and lignin. This same peak was not evident (disappeared) for the alkali-treated SPF (Rajkumar et al. 2016 ). This result shows that lignin was partially removed from the fiber for both treatments. Furthermore, this result provides further evidence that hemicellulose was dissolved after alkali treatment of SPF, and this is also corroborated by the results of the TGA analysis, as discussed earlier. From the results obtained, the absorption band was seen to slightly shift and vary from the treated SPF. In addition, the intensity of all peaks reduced after the treatments.
Conclusions
The effects of sea water and alkali treatments of SPF according to its thermal, physical, chemical, and morphological characterizations were determined. Thermal analyses detected that there is no marked difference between the thermal behavior of untreated and sea water-treated SPF. In contrast, the alkali treatment seemed to reduce the thermal stability of the fiber. Although the alkali treatment of the sugar palm fiber improved fiber adhesion by removing the outer surface that contains wax and impurities, it also removed and reduced the Si content in the fiber, which promotes thermal stability of the fiber. SEM combined with EDX results showed that the untreated fiber had a higher percentage of Si than the sea water-treated SPF, followed by the alkali-treated SPF. To confirm the presence of the components of lignocellulosic fiber, the FTIR analyses were used to detect functional groups. The analyses support the thermal results in that the sea water treatment had a physical effect only on the fiber via removal of the external layer. On the other hand, the alkali treatment also changed the chemical behavior of the SPF by dissolving the hemicellulose in the fiber. The SEM images of the external surface and the cross section of the SPF revealed significant differences between the two. The outer surface was obviously clean after the treatment. Furthermore, the microfibers of the SPF became closed after both treatments. In conclusion, the sea water, and alkaline treatment yielded positive improvement in the characteristics of the SPFs.
